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Abstract 
The sunbelt regions of the globe on either side of the equator represent a vast potential for the generation of 
photovoltaic (PV) electricity. However, PV modules deployed in tropical regions face a different set of environmental 
conditions than PV modules deployed in temperate regions where the majority of today’s PV markets exist. The 
tropical climate poses several unique challenges for PV modules. High year-round humidity is the greatest threat to 
PV module durability, while high ambient temperatures and highly diffuse light conditions can negatively affect PV 
module output power. Given this situation, SERIS is undertaking a research project to develop “Singapore modules” 
which are specifically tailored to perform better and last longer in tropical climates. This paper presents an overview 
of the scope of the project, as well as first key findings and results. The first phase of the project involved a detailed 
study of the state of the art in today’s PV module technologies. Ten different module technologies were chosen for 
evaluation, representing today’s most commonly used PV technologies. These commercial modules were subjected to 
standard accelerated aging tests, as well as tightened accelerated aging tests to identify strengths and weaknesses of 
the various technologies. Outdoor performance monitoring of each module type is also on-going. The results obtained 
during the first phase of the project are being used to guide the development of Singapore modules. First prototype 
Singapore modules have been fabricated, and a 10 kWp testbedding system has been installed in Singapore.  
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1. Introduction 
Photovoltaic (PV) modules deployed in tropical regions of the globe face a different set of 
environmental conditions than PV modules deployed in temperate regions. This paper describes the 
development of “Singapore modules” which are specifically designed to perform better and last longer 
under tropical conditions than regular PV modules. In order to identify which PV technologies are most 
suitable for deployment in tropical regions, a comprehensive evaluation of commercially available PV 
module technologies was undertaken. The results of this evaluation are described in section 2. Section 3 
describes the development of Singapore modules. Each component of the modules is considered one by 
one in terms of its influence on module performance in the tropics.  
2. Evaluation of commercial PV modules 
2.1. Module types 
Ten types of commercially available PV modules were chosen for evaluation in order to identify 
strengths and weaknesses of today’s state-of-the-art PV module technologies. The types of PV modules 
chosen for this phase of the study are listed in Table 1. 
Table 1. The ten types of commercial PV modules chosen for evaluation. 
# Module type Wafer / Thin film 
1 a-Si TF 
2 a-Si/a-Si tandem TF 
3 Micromorph tandem TF 
4 CdTe TF 
5 CIGS TF 
6 Mono-Si wafer 
7 Multi-Si wafer 
8 Mono-Si BIPV wafer 
9 Mono-Si back-contact wafer 
10 Mono-Si/a-Si heterojunction wafer 
2.2. Standard accelerated aging testing of commercial PV modules 
All commercial PV modules were subjected to accelerated aging tests according to the definitions in 
the relevant IEC standards [1, 2]. The three main accelerated aging tests defined in these standards are: 
 Damp heat: 1000 hours at 85°C, 85% relative humidity 
 Thermal cycling: 200 cycles from +85°C to -40°C 
 Humidity freeze: 50 thermal cycles plus 10 cycles from +85°C, 85% RH to -40°C 
 
The results of the standard accelerated aging tests are presented in Fig. 1. Not surprisingly, all of the 
commercial modules tested passed these standard IEC-type tests.  
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Fig. 1. Normalised module efficiency after standard accelerating aging tests. The PV efficiency of each module as 
measured after the respective climate chamber test is normalised by dividing by the efficiency before the test. Thin-
film modules were preconditioned before each I-V measurement. 
2.3. Tightened accelerated aging testing of commercial PV modules 
In order to find out which types of commercial PV modules are more durable than others, tightened 
accelerated aging tests were performed. These tests include: 
 Damp heat 90/90: 1000 hours at 90°C, 90% relative humidity 
 Salt spray test: 96 hours at 35°C in 5% NaCl salt mist 
 Tightened UV dose: 50 kWh/m2 
 Voltage-biased damp heat: 650 hours at 85°C, 85% RH, with ±1000 V DC bias between module 
circuit and frame 
 
The results of the salt mist and tightened UV dose tests were unremarkable, with all module types 
passing easily. However, the results of the damp heat 90/90 and voltage-biased damp heat tests revealed 
some significant weaknesses in several module types. Figure 2 shows a photograph of the mono-Si back-
contact module after the damp heat 90/90 test. Severe glass corrosion is evident on the front surface of 
this module. Despite this severe glass corrosion, the efficiency of this module - after removal of the white 
particles with a brush - was still within 95% of its original efficiency after the test. 
 
 
Fig. 2. Glass corrosion on the front of the mono-Si back-contact module after the damp heat 90/90 test. 
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The positive and negative voltage-biased damp heat tests were the most punishing of all the tightened 
accelerated aging tests performed on the commercial PV modules. Most of the thin-film module types 
experienced some kind of delamination due to these tests, and several module types lost significant power 
due to these tests [3]. Figure 3 shows the normalised module efficiencies of the ten commercial PV 
modules after the positive and negative voltage-biased damp heat tests. The CdTe and CIGS thin-film 
module types were completely dead after the negative-bias damp heat test. It should be noted that only 
one module of each type was subjected to each positive and negative voltage-biased damp heat test, and 
therefore these results are not necessarily representative of every module of the specified type. 
 
 
Fig. 3. Normalised PV module efficiency after the positive and negative voltage-biased damp heat tests. 
2.4. Outdoor performance of commercial PV modules 
The commercial PV modules are also being monitored for their performance under Singapore 
conditions on a rooftop at the National University of Singapore. Figure 4 shows the average daily energy 
yield (DC) of the ten commercial PV modules in Singapore, for the period from September 2010 to April 
2011. It can be seen that there is some variation in the energy yield of the thin-film module types, while 
all of the silicon wafer-based module types perform fairly well under tropical conditions. 
 
 
Fig. 4. Average daily energy yield of ten types of commercial PV modules as measured between September 2010 and 
April 2011 on a rooftop at the National University of Singapore. 
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3. Design elements of Singapore modules 
In order to achieve the project aims (better energy yield in Singapore than standard PV modules, better 
durability under IEC-type accelerated aging tests), several aspects of the design of Singapore modules 
were considered. These are: 
 Optical management – for better utilisation of diffuse light 
 Thermal management – for better heat dissipation 
 Moisture management – for better technical lifetime in humid tropical conditions 
 Cost management – to keep the module cost comparable with standard PV modules 
 
Each of these design considerations is addressed by one or more of the following components which 
go into Singapore modules. 
3.1. Solar cells 
The results of the previous section have provided a wealth of information on the relative performance 
of various PV technologies in accelerated aging tests, and in the field in Singapore. Given the solid 
performance of the silicon wafer-based module types in the previous section, it was decided to use multi-
Si wafer based solar cells in Singapore modules. 
3.2. Glass 
The cover glass chosen for Singapore modules is Albarino G from Saint-Gobain [4]. This glass has a 
macroscopically textured front surface, as can be seen in Fig. 5. This texture provides an advantage in 
terms of reflectance (particularly at high angles of incidence), which should mean that more of the diffuse 
light is captured by the solar cells (see Fig. 6). The increased surface area of this glass should also result 
in better heat dissipation, which would result in higher PV module efficiency. 
 
 
Fig. 5. Photograph of the front surface of a Singapore module showing the texture of the Albarino G glass. The photo 
shows an approximately 4 cm wide section of the module. 
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Fig. 6. Hemispherical reflectance from a PV module made with Albarino G glass compared to a module made with 
planar glass. Zero degrees is normal incidence. 
3.3. Encapsulant 
Given the high humidity in Singapore, and the fact that the damp heat accelerated aging tests had such 
a dramatic effect on some of the commercial PV modules evaluated, the choice of encapsulant material 
for Singapore modules is a key consideration. It is well known that the most commonly used encapsulant 
material in silicon wafer-based PV modules, ethylene vinyl acetate (EVA), has quite a high water vapour 
transmission rate (WVTR). Typical WVTR values for EVA are around 40 g/m2day. Therefore, the encap-
sulant material chosen for Singapore modules is an ionomer based material from DuPont [5]. This 
material has a much lower WVTR of 0.3 g/m2day. This should mean that Singapore modules made with 
ionomer encapsulant will last longer in the humid conditions of Singapore. 
 
There is, however, a slight optical penalty when using ionomer encapsulant compared to EVA. The 
authors have developed a novel technique for quantifying the parasitic absorptance of the front glass and 
encapsulant layers of a Si wafer-based PV module [6]. Using this technique, the parasitic absorptance of 
two otherwise identical PV modules using EVA and ionomer encapsulants are compared (see Fig. 7). It 
can be seen that the ionomer encapsulant absorbs slightly more UV light than the EVA encapsulant. It 
was calculated that the optical loss associated with this additional parasitic absorptance is acceptable, 
given the superior moisture barrier properties of ionomer material. 
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Fig. 7. Comparison of optical parasitic absorptance of modules made with ionomer encapsulant and EVA 
encapsulant. 
3.4. Backsheet 
Typical PV module backsheets are made of polymer materials such as Tedlar. While these materials 
provide a good moisture barrier to protect the encapsulant material and the solar cells, they typically have 
quite low values of thermal conductivity. The authors reason that if a metal foil is used as a backsheet 
material, then it will provide the same moisture barrier properties, while allowing heat from the solar cells 
to more efficiently reach the rear module surface where it can be dissipated to the environment. Thus, it 
was decided to try using an aluminium foil backsheet on Singapore modules.  
 
Using a metal backsheet on a PV module poses several challenges compared to a polymer backsheet. 
Firstly, there is the difference in coefficient of thermal expansion (CTE) between the metal foil and the 
glass. This can cause module warpage as the module cools after lamination if the metal foil is too thick, or 
wrinkling of the backsheet if the foil is too thin. It was found that an aluminium foil thickness of 0.2 mm 
is optimal to avoid these problems. Secondly, there is the issue of the electrical conductivity of the metal 
backsheet. There is some concern that having a conductive metal foil in such close proximity to the active 
circuit of the PV module could lead to unacceptably high leakage currents. In order to test this, a single-
cell Singapore module was subjected to the wet leakage current test according to the IEC standard [1]. It 
was found that the insulation resistance of this module at a bias voltage of 1000 V was 2×1010 Ω, which is 
four orders of magnitude higher than the pass value of the IEC standard. Therefore, it was concluded that 
leakage current would not be a problem for Singapore modules with ionomer encapsulant and aluminium 
backsheets. 
3.5. Frames 
The frame of a typical PV module provides two functions; firstly to provide mechanical stability, and 
secondly to provide an edge seal to prevent moisture from penetrating the encapsulant layers. Given the 
fact that PV modules deployed in Singapore are not subject neither to snow loads nor to high wind loads, 
and the fact that the ionomer encapsulant used in Singapore modules provides a much better moisture 
barrier than EVA, it was decided that Singapore Modules could be made without frames. This also saves 
on module cost, both in terms of the cost of components and the manufacturing costs. These cost savings 
will offset the extra costs of the specialised cover glass and the more expensive encapsulant material. 
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4. Fabrication of Singapore modules 
Since the Singapore modules described in the previous section represent such a radical departure from 
the standard PV modules which dominate the market today, the authors decided to hedge their bets, and 
make two types of Singapore modules for installation in the 10 kWp testbedding system. The first type of 
Singapore modules (type A) are of a more conservative design, using textured glass, EVA encapsulant, 
polymer backsheets, and standard frames. The second type of Singapore modules (type B) are of the 
construction described in the previous section. 5.5 kW of type-A Singapore modules were fabricated by 
our project partner PV World in Singapore, while 4.5 kW of type-B Singapore modules were fabricated 
by us at the Solar Energy Research Institute of Singapore (SERIS). In May 2011, both of these module 
types were installed on a rooftop at the National University of Singapore (NUS), and are being monitored 
for their outdoor performance. The outdoor performance results of these testbedding systems will be 
reported in a future publication. 
5. Conclusion 
A comprehensive study of commercial PV modules was undertaken to identify strengths and 
weaknesses of various PV module technologies, with a particular emphasis on performance in tropical 
conditions. Given the solid performance of the silicon wafer-based module types in the various tests, it 
was decided to use multi-Si wafer based solar cells in Singapore modules. Singapore modules have been 
developed and a 10 kWp testbedding system has been installed in Singapore. The performance of this 
testbedding system is being monitored, and results will be published in a future publication. 
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